Abstract. The long-term visual light curve parameters of 36 dwarf novae are measured. The data is anayzed in search of likely relationships among the light curve parameters and system parameters. New relations of the orbital period with the mean light curve parameters are given. Our findings for the correlation analysis of individual systems agree with some of the results in previous studies. Almost all of the systems in this study have a bimodal frequency distribution of the outburst duration. By comparing the observational correlations with their theoretical counterparts, we find that the value of the viscosity parameter of the disk instability model is α hot ≈ 0.2.
Introduction
Cataclysmic variables are short period binary stars consisting of a late-type, near-main-sequence star (the secondary) filling its Roche lobe and transferring matter onto a white dwarf (the primary). Dwarf novae are a subclass of cataclysmic variables displaying quasi-periodic outbursts of 2-6 magnitudes that repeat every 10-500 or more days. Dwarf novae can be divided into three main subtypes (Mattei 1990) . U Geminorum (U Gem) stars exhibit only normal outbursts. Z Camelopardalis (Z Cam) stars show evidence of standstills. SU Ursae Majoris (SU UMa) stars possess superoutbursts. Quasi-periodic outburst behaviour of dwarf novae is more easily explained by viscous processes acting in the accretion disk (Smak 1984; Cannizzo et al. 1988; Cannizzo 1993; Smak 1998; Hameury et al. 1998) .
Visual photometric data of dwarf novae have been collected for decades, by some associations such as the AAVSO and RASNZ. The long-term visual observations represent a wealth of information about statistical correlations of the long-term light curve parameters that can give some clues for outburst models and accretion disk studies. We have attempted to use the long-term light curves of dwarf novae to derive statistical correlations of Send offprint requests to: T. Ak, e-mail: tanselak@istanbul.edu.tr the long-term light curve parameters. Previous efforts in this regard have been made for some individual systems (e.g., Sterne & Campbell 1934; Smak 1985; Cannizzo & Mattei 1992; Mohanty & Schlegel 1995) . Results using compilations from several sources have been reported by Bailey (1975) , Jacchia (1975 ), van Paradijs (1983 , Gieger (1987) , Antipova (1987) , Richter & Brauer (1989) and Vogt (1995) .
Previous studies suffer from a lack of consistency in measurement as they represent compilations, and often are based on data consisting of a few outbursts. To counteract this deficiency, Szkody & Mattei (1984, hereafter referred to as SM84) have measured the light curve parameters and found statistical correlations of the parameters for 21 dwarf novae. However, SM84 is based on data covering 1000 days of observations.
In order to extend the analysis of the long-term light curve parameters to a larger sample of dwarf novae, we have analyzed all the available light curves obtained by the AAVSO and RASNZ on 36 systems. Table 1 presents the 36 systems studied and general characteristics of data. Because we use only well-observed outbursts, the number of outbursts is small for those systems lacking sufficient number of observations. The light curve T. Ak et al.: Statistical analysis of the long-term visual light curve parameters
Data and analysis
Illustrative definitions of the outburst duration W , quiescent interval Q and cycle time C. The subscripts "i − 1" and "i" denote the parameters for intervals preceeding and following the "ith" outburst, respectively. L1, L2 and L3 correspond to the first, second and third reference levels (dotted lines), respectively.
parameters measured in this study are the outburst duration, quiescent interval, cycle time, decline rate and rise rate.
Definitions of the outburst duration, quiescent interval and the cycle time are illustrated in Fig. 1 for an outburst of SS Cyg. The light curve parameters were measured at three reference levels by the aid of a computer program: 1) The first reference level is the quiescent magnitude of each outburst. Because the quiescent magnitude is variable on long time scales, this reference level does not correspond to a constant brightness. We choose to measure the outburst duration W as the interval from leaving quiescence to return to quiescence. The quiescent interval Q is the time spent at the quiescent level following the outburst. Although this reference level introduces some difficulties for systems with faint quiescent levels, we should emphasize that the measures at the quiescent level would be a better representation for general comparison to outburst models. 2) For a given system, the second reference level is a constant brightness above the average quiescent magnitude. 3) Similarly, the third reference level is a constant brightness below the average maximum magnitude. The second and third reference levels are listed in Table 2 for each system. We define the cycle time C at the third reference level as the interval from the start of an outburst to the start of the next, by assuming the third reference level to be the base of outbursts. The decline and rise rates are calculated between the second and third reference levels. The rise rate, τ r , is the time spent to increase a systems's brightness one magnitude on the rising branch of an outburst. Similarly, the decline rate, τ d , is the time spent to decrease a systems's brightness one magnitude on the declining branch of an outburst. Table 2 includes the mean light curve parameters. Ten of the systems in SM84 overlap with our sample. For these Table 1 . The names, orbital periods (P orb , in hours), subtypes, time intervals of observations, number of observations (N obs ) and number of outbursts (Nout) for dwarf novae studied. DN denotes dwarf nova. UG, ZC and SU denote U Gem, Z Cam and SU UMa-type systems, respectively. In the sixth column, the second number shows the number of superoutbursts for SU UMa-type systems. The sub-types and orbital periods are taken from Ritter & Kolb (1998) , Downes et al. (1997) and Lockley et al. (1999, for UY Pup) . systems, mean values of the parameters are near the means reported in SM84.
Results and discussion
For correlation analysis, we combined our data sample with the data in SM84. Assuming a linear relation, we evaluated the correlations between the mean parameters and the intrinsic parameters. Table 3 lists the correlation coefficients (r). The cycle time can give spurious correlations, since this parameter includes the outburst duration and quiescent interval. It may be more meaningful to explore the correlations between the parameters and the adjacent quiescent intervals (Cannizzo & Mattei 1992) . Hence, we did not use the mean cycle time in the analysis except for the P orb :C correlation.
Correlations with the intrinsic parameters
The white dwarf mass M 1 appears correlated with the outburst duration W and decline rate τ d . These correlations are much weaker in previous studies (SM84 , Gieger 1987) . Because the white dwarf mass has a moderate effect on the long-term light curve parameters, M 1 :W and M 1 :τ d Table 2 . The mean values of outburst durations W (days), quiescent intervals Q (days), cycle times C (days), rise rates τr and decline rates τ d (days/mag) for dwarf novae studied. L2 and L3 (magnitudes) are the second and third reference levels, respectively. Normal denotes the normal outbursts, super the superoutbursts. correlations can be expected from the disk instability model (Cannizzo et al. 1988 ).
Correlations of the secondary mass M 2 with the outburst duration, rise rate and decline rate are consequences of the orbital period correlations with these quantities, since the secondary star is governed by the orbital period. Correlations of the orbital period with the long-term light curve parameters are important for a correct understanding of the outburst models. The data set gives the following relationships:
W (days) = 1.56(±0.16)P orb (hrs) + 1.87(±0.81)
τ r (days/mag) = 0.12(±0.02)P orb (hrs) + 0.26(±0.11) (2) τ d (days/mag) = 0.33(±0.03)P orb (hrs) + 0.27(±0.16) (3) GK Per is excluded from the relationships due to high scatter. We also exclude V442 Cen and BV Cen from the P orb :W and P orb :τ r relationships. The P orb :W correlation is plotted in Fig. 2 . Orbital periods of AT Ara and FQ Sco are unknown (Ritter & Kolb 1998) . Relations of the orbital period may be used to predict the orbital periods for these systems. We can predict orbital periods of 6.2 and 3.3 hours for AT Ara and FQ Sco, respectively, from the P orb :W relationship. Combining cycle times given in Richter & Brauer (1989) with our data, we obtain a considerably larger data sample consisting of 57 systems. This data set does not give a P orb :C correlation (r = 0.24), although this correlation is expected from the disk instability model (Cannizzo et al. 1988 ).
Other correlations
The correlations were run for each individual system with more than 20 outbursts measured. The linear correlation coefficients are listed in Table 4 . In the following, we use the subscripts "i − 1" and "i" to denote the parameters for intervals preceeding and following the "ith" outburst, respectively.
A relation of the outburst duration with the preceeding quiescent interval is expected from the disk instability model. On the other hand, the mass-transfer burst model predicts a correlation of the outburst duration with the following quiescent interval (Gieger 1987) . These predictions can be tested by using the W i :Q i−1 and W i :Q i correlations. respectively. The Q i :Q i−1 correlation implies that quiescent intervals of a given duration tend to occur together for about one third of the systems in Table 4 . Our findings on SS Cyg, VW Hyi and Z Cam are in accord with the results given in Cannizzo & Mattei (1992) , Mohanty & Schlegel (1995) and Oppenheimer et al. (1998) .
Frequency distributions
The separation into "wide" and "Narrow" outbursts for dwarf novae has been previously reported (e.g., van Paradijs 1983, SM84 Fig. 3 .
Cycle times and quiescent intervals exhibit asymmetrical distributions. The only exception is HL CMa. This system has a bimodal distribution of cycle times.
We select narrow and wide outbursts of the systems by applying bimodal gaussian fits to the frequency distributions. Correlations of the mean duration for narrow outbursts with the orbital period will be given in the next subsection. Here, it should be pointed out that the mean outburst duration is correlated with the orbital period for wide outbursts in Z Cam and U Gem-type systems, with r = 0.59. Van Paradijs (1983) indicates that this correlation is absent. Due to high scatter, normal outbursts of SU UMa-type systems are not taken into account in this relation. Smak (1999a) predicts that the decline rates should be higher in the case of wide outbursts. This effect is very clear for narrow and wide outbursts of SU UMa-type systems (see Table 1 ). For most of the Z Cam and U Gemtype systems, difference between the mean decline rates of narrow and wide outbursts is only ∼10% of the mean decline rate of narrow outbursts. This difference is ∼50% for HL CMa, TW Vir and UU Aql, and ∼30% for AT Ara and UZ Ser.
The viscosity parameter α hot
The outburst characteristics of dwarf novae are very sensitive to the viscous time-scale that is defined by the viscosity parameter α hot on the hot branch of the Σ-T e relation of the disk instability model (Meyer & MeyerHofmeister 1981; Smak 1984; Cannizzo et al. 1988; Smak 1998 Smak , 1999a Smak and 1999b . Theoretical correlations of the orbital period with the outburst time-scales provide an important opportunity for an observational determination of the viscosity parameter. Previous efforts in this regard using compilations from several sources have been made by Gieger (1987), Cannizzo et al. (1988) and Smak (1999b, hereafter referred to as S99b) . The observational data in S99b were taken from van Paradijs (1983) .
Theoretical outburst durations and decline rates of narrow outbursts are listed in Smak (1998) for two different α hot prescriptions. Since the outburst duration in Smak (1998) is defined at a reference level 1 mag below the outburst maximum, we recalculated the mean outburst durations (W 1 , reduced outburst duration) at this reference level and decline rates (τ dn ) for narrow outbursts of the systems. We also recalculated the reduced durations of narrow outbursts for some systems in SM84 and van Paradijs (1983) . We limit our data sample by the dwarf novae with P orb < 10 h . Means for W 1 and τ dn are listed in Table 5 . In the following, we compare the observational P orb :W 1 and P orb :τ dn relations with their theoretical counterparts. We use nearly the same notation as in S99b.
P orb :W 1 relation: The relationship between W 1 and P orb (Fig. 4) can be expressed as either W 1 = C w P β orb or W 1 = C w P orb . For the non-linear case, we get C w = 1.07±0.10 and β = 0.88±0.09 from the data set in Table 5 . Theoretical value of β is 0.74 in Eq. (6) durations of CN Ori, HL CMa, OY Car and SW UMa are excluded from the P orb :W 1 relations due to high scatter. Since the dispersion in the linear case is lower, we can simply use the linear approximation. A linear fit to the theoretical outburst durations in Smak (1998) gives C w (0.1) = 1.44 ± 0.10 and C w (0.2) = 0.83 ± 0.05 for α hot = 0.1 and α hot = 0.2, respectively. Comparing theoretical and observational fit parameters, we find α hot = 0.19 ± 0.01 which is in agreement with the viscosity parameters given in S99b and Gieger (1987) . P orb :τ dn relation: For the non-linear case (τ dn = C τ P β orb ), we find C τ = 0.49 ± 0.05 and β = 0.74 ± 0.09. Note that this value of β is the same as that predicted in Eq. (6) of S99b. The observational fit parameter in the linear case (τ dn = C τ P orb ) is C τ = 0.35 ± 0.03. CN Ori, AB Dra, UV Per, SU UMa, SY Cnc and EM Cyg are omitted due to high scatter. The model data in Smak (1998) give C τ (0.1) = 0.74 ± 0.04 and C τ (0.2) = 0.42 ± 0.02 for α hot = 0.1 and α hot = 0.2, respectively. So, we get α hot = 0.22 ± 0.01 from a comparison between theoretical and observational fit parameters.
The mean durations and decline rates of narrow outbursts are correlated as expected: τ dn = (0.38 ± 0.04)W 1 with r = 0.97. Deviations δW 1 and δτ dn from the P orb :W 1 and P orb :τ dn relations have a relatively weak correlation (r ≈ 0.50), which implies that the observed scatter in P orb :W 1 and P orb :τ dn correlations is probably due to intrinsic scatter in W 1 and τ dn . Possible sources of the scatter should be the white dwarf mass M 1 and the mass transfer rate M tr . By using available data, we find that there is no correlation of M 1 with W 1 and τ dn . This result is in agreement with the very weak dependence of the outburst time-scales on M 1 , as predicted in S99b. S99b points out that physical meaning of the mass transfer rate is not quite obvious. However, M tr may be suggested as a possible source of the scatter mentioned above, since the mass transfer rate has a considerable scatter for a given orbital period (Patterson 1984) .
Conclusions
We have analyzed the long-term visual light curve parameters of 36 dwarf novae. New relations of the orbital period with the mean light curve parameters are given. Correlation of the white dwarf mass with outburst duration is much stronger than the correlations found in previous studies. We confirm some, but not all, of the correlations suggested in SM84 for individual systems. Almost all of dwarf novae with enough data have a bimodal distribution of outburst duration, except for CN Ori and MU Cen.
Non-linear approximations of the orbital period relations for narrow outbursts confirm the dependence of the outburst characteristics on orbital period as predicted in the disk instability model. From a comparison of the observational data with the theoretical outburst time-scales, we find that the value of the viscosity parameter of the disk instability model is α hot ≈ 0.2.
